Due to increasing energy demand and limited fossil fuels, renewable energy sources have gained in importance. Particulate matter (PM) in general, but also PM from the combustion of wood is known to exert adverse health effects in human. These are often related to specific toxic compounds adsorbed to the PM surface, such as polycyclic aromatic hydrocarbons (PAH), of which some are known human car cinogens. This study focused on the bioavailability of PAHs and on the tumor initiation potential of wood combustion PM, using the PAH CALUX Ò reporter gene assay and the BALB/c 3T3 cell transformation assay, respectively. For this, both cell assays were exposed to PM and their respective organic extracts from varying degrees of combustion. The PAH CALUX Ò experiments demonstrated a concentration response relationship matching the PAHs detected in the samples. Contrary to expectations, PM samples from complete (CC) and incomplete combustion (IC) provided for a stronger and weaker response, respectively, suggesting that PAH were more readily bioavailable in PM from CC. These findings were corroborated via PAH spiking experiments indicating that IC PM contains organic components that strongly adsorb PAH thereby reducing their bioavailability. The results obtained with organic extracts in the cell transforma tion assay presented the highest potential for carcinogenicity in samples with high PAH contents, albeit PM from CC also demonstrated a carcinogenic potential. In conclusion, the in vitro assays employed emphasize that CC produces PM with low PAH content however with a general higher bioavailability and thus with a nearly similar carcinogenic potential than IC PM.
Introduction
Due to concerns regarding climate change and finite fossil fuel resources, the demand for renewable, CO 2 neutral energy sources, increased [1] . In order to achieve economic but carbon neutral en ergy use some countries, e.g. Germany, support the combustion of wood, even in small scale furnaces with the effect that in 2010 92% of renewable energy consumed consisted of wood [2] . Yet, increas ing domestic wood combustion also enhances particulate matter (PM) emissions. PM from various combustion processes, e.g. diesel exhaust particles (DEP), biomass smoke particles (BSP) and gaso line exhaust emissions have gained importance regarding possible adverse health effects in humans [3 5] . DEP has been classified as a human carcinogen [6] . BSP emissions were associated with approximately 1.5 million premature deaths per year due to sec ondary acute lower respiratory tract and chronic obstructive pul monary disorders (COPD) [7] . Both evaluations heavily rely on epidemiologic data. Consequently, the IARC evaluation, differing in interpretation with another recent expert team evaluation [8] , nearly entirely relies on epidemiology studies derived from popu lations exposed to DEP (i.e. DEP generated in 1950 1980s) and not from cohorts exposed to new technology diesel exhaust particles (NTDEP). However, NTDEP, due to novel combustion and filter technologies, differ dramatically from DEP. This demonstrates the discrepancy between ongoing technological development and epi demiological evaluation of latent long term effects.
The alternative to epidemiological studies, i.e. using animal experimentation, has historically proven to be difficult as e.g. lung tumors in rats resulting from exposure to DEP are a reflection of Abbreviations: PM, particulate matter; PAH, polycyclic aromatic hydrocarbon; ANF, alpha-naphthoflavone; IC, incomplete combustion; CC, complete combustion.
PM lung overload rather than the true carcinogenic potential of the DEP, which has not been observed in other rodent species (re viewed by [8] ). Moreover, evaluating adverse health characteristics of PM following each step of a technical development using animal studies is ethically, economically, and technically impossible. Thus a general reduction strategy, as achieved with diesel exhaust (>99% removal efficiency for a number of carcinogenic polycyclic aro matic hydrocarbons (PAH) and nitro PAH in NTDEP compared to traditional DEP), could be envisioned for all combustion PM. How ever, biomass combustion technology is extremely variable, rang ing from small private furnaces to large industrial biomass burners. With the increasing trend to burn biomass, total PM will most likely increase. Indeed, residential wood combustion has been calculated to significantly contribute to the amount of total PAH in emissions in Sweden and the US [9] , while source appoint ment studies in Denmark demonstrated that residential wood burning was responsible for 47% of national PM 2.5 emissions in 2002 [4] . Consequently, technological development of biomass burners require fast, reliable and economically feasible testing of PM generated to allow prospective assessment of potential risks. In view of the fact that, at least for the moment, the carcinogenic potential of PM from combustion processes appears of primary importance [6] , one emphasis can be laid on the assessment of PM contaminants e.g. carcinogenic PAHs [10, 11] . The current working hypothesis for technological advancement of wood burn ers is that the more efficient and complete the combustion, the lower the hazard potential of PM and by products, e.g. PAHs. How ever, the prediction of PAH toxicity is difficult to assess on the basis of mere chemical analysis with a limited number of prioritized PAHs, because in most cases the effects observed result from expo sure to PAH mixtures, with different PAHs having different toxic potentials. As the actual risk to humans also depends on the bio availability of PAH in inhalable PM, test systems are required allowing to understand the bioavailability as well as a toxicological summary endpoints (e.g. receptor interaction, foci formation).
The PAH CALUX Ò enables the quantification of PAH induced, AhR mediated activity and is based on the CALUX Ò technology, which has been used for screening of AhR active compounds (e.g. dioxins) in food, feed, sediments, pore water, waste, consumer products as well as marine biological matrices [12 16 ]. The BALB/c 3T3 is an established cell transformation assay, simulating a two stage animal carcinogenicity test, to identify potential tumor initiating or tumor promoting substances [17, 18] . Consequently, to test whether complete combustions provide for toxicologically less potent PM than PM generated from incom plete combustion processes, organic extracts of wood combustion PM samples as well as the original PM samples were tested in the PAH CALUX Ò and the BALB/c 3T3 cell transformation assay.
Materials and methods

Materials
Unless stated otherwise, materials were purchased as follows: Steady Glo Ò (Promega, #E2520), AhR antagonist alpha naphthof /g (following ASTM D 6556) and an average primary particle size of 14 nm (following internal method TGZ3). Activated charcoal (AC) was purchased from Riedel de Haën (#18002). All other materials were of the highest grade commer cially available.
PM sampling
Sampling of PM#01 PM#10 and their respective combustion characteristics are detailed in Table 1 . Further information on sam pling of PM#01, PM#02 and PM#05 was recently described by Gauggel et al., 2012 [19] . Sampling of PM#03 and PM#04 was car ried out in a test station of the German Biomass Research Centre in Leipzig, over the duration of 2 3 days and represent samples from an incomplete combustion. Common wood stoves (PM#03 PM#04: nominal output 10 kW), were fired with commercially available non pretreated standard beech split logs (1.3 kg, specific humidity: 8.9%) via hand loading every ½ h. PM was collected in the ash pan of a standard electrostatic precipitator, 3 4 m away from the furnace, connected to the smoke tube. PM#06 and PM#07, representing samples from incomplete combustions, were collected after 270 and 245 min duration of combustion, respec tively. High quality wood stoves (9.0 kW nominal output) in a test station of the German Biomass Research Centre were fired with commercially available non pretreated standard beech split logs (1.3 kg, specific humidity: 8.9%) via hand loading every ½ h. PM collection was carried out as described for PM#01, PM#03 and PM#04. PM#08 PM#10 were obtained from separate combustions in an automatic pellet boiler at the German Biomass Research Cen tre, using ''DIN plus'' wood pellets. Whereas PM#08 and PM#10 represent complete combustion samples, PM#09 resulted from the combustion under suboptimal conditions (15 kW nominal out put). All samples were obtained via an electrostatic precipitator.
Particle characterization
PM samples were characterized using several different meth ods, as previously described [19] . Scanning electron microscopy (SEM) for PM#03, PM#04 and PM#06 PM#10 was performed with a LEO 1530 at a voltage of 5 kV.
Elementary (EC), organic carbon (OC), salt (Ion) and metal analysis
EC was analyzed on the basis of the German VDI 2465 1 proto col [20] . EC/OC and ion analysis were carried out as previously de scribed [19] . Because of limited sample amount, determination of OC and EC could not be performed for PM#03 and PM#04. For me tal analysis the material was digested with conc. HNO 3 supra pure in a microwave oven and analyzed for a series of metals with a ContrAA 700 atomic absorption spectrophotometer.
PAH analysis
PM#01 PM#10 were extracted according to DIN EN 15549 [21] and resulted in Extract#01 Extract#10, respectively ( Table 2) . Ex tracts were generated as previously described [19] . A subset (LPM#06 LPM#10) of the extracted (leached) PM, now described as leached particulate matter (LPM) were employed for direct experimentation in the PAH CALUX Ò system as well as for PAH spiking experiments (see below). The PAH content was also deter mined in activated charcoal and carbon black. While the PAH con tent of carbon black could not be measured with the available chromatograph, activated charcoal had a very low degree of PAH contamination ( Table 2 ). The limit of detection (LOD) using GC MS was 40 ng of each PAH ml À1 .
PAH spiking experiments with LPM, activated charcoal and carbon black
For spiking experiments leached particles (LPM#06 LPM#10), activated charcoal and carbon black particles were spiked with an artificial PAH mixture in DMSO mimicking the PAH profile of PM#01 (PAH#01) ( ane, were evaporated under nitrogen flow to dryness and re dis solved in DMSO to a concentration of 50 mg/ml, relative to the amount of PM sample that was used for extraction initially, thus representing the PM extract stock solution. Subsequently, serial dilutions were prepared from this stock solution with a dilution factor of 3.16 (10 concentrations).
2.9. Bench top small scale combustion experiments with specific particulate matter (activated charcoal, PM#02 and PM#10)
In order to investigate the PAH bioavailability in a specific par ticulate matter (activated charcoal, PM#02 and PM#10), additional small scale combustion experiments were performed (Table 3) . Approximately 50 100 mg of sample was weighed into porcelain crucibles. After preliminary test combustions, a bench top muffle furnace (Heraeus Instruments Type M100, nominal temperature 1000°C, 230 V, 50/60 Hz, 2.6 A, 0.6 kW) was fired for 20 min at 400, 600 and 800°C. From the resulting samples stock solutions of 10 mg/ml in DMSO or spiking samples with PAH#01 profile were prepared as well as serial dilutions as described above. These samples were tested in the PAH CALUX Ò assay. In a further exper iment activated charcoal samples at 10 mg/ml were spiked with PAH profile of PM#01. After spiking, the DMSO was evaporated with nitrogen and the samples were also incinerated in the muffle furnace as described above. The same was experiment was Table 2 Overview of chemical PAH analysis for PM#01-PM#10, activated charcoal (AC) and carbon black (CB). n.d. = not detected, n.a. = not analyzed. The results for PM#01, PM#02 and PM#05 were previously published, but are presented here for ease of comparison of all PM samples [19] . Incomplete combustion (IC); complete combustion (CC). repeated with the addition of 40% dest. H 2 O (v/w), in order to test, whether the water content has an impact on combustion quality.
PAH CALUX Ò assay
The assay was performed according to manufacturer's instruc tions and as previously described [19] . (v/v)). After 1 h exposure the medium was discarded and cells were exposed to selected B[a]P standards as described above.
BALB/c 3T3 cell transformation assay
The BALB/c 3T3 clone A31 1 1, initially from the laboratory of Makoto Umeda (Hatano Research Institute) was kindly provided by Dr. A. Poth (Harlan Cytotest Cell Research, Roßdorf, Germany). Cells were grown in minimum essential medium from Invitrogen (Karlsruhe) supplemented with 10% fetal bovine serum (Moregate, Bulimba, Australia), 100 mg/ml streptomycin, and 100 U/ml peni cillin (Biochrom, Berlin, Germany) under standard humidified con ditions (37°C, 5% CO 2 ). Cells were passaged after reaching 80% confluence, and a working stock of this passage 1 cells was frozen in liquid nitrogen in a medium consisting of 80% minimum essen tial medium, 10% fetal bovine serum, and 10% DMSO until further experimentation. The ability of the PAH extracts and particles to malignantly transform BALB/c 3T3 cells was tested by performing the two stage cell transformation assay according to [22] with slight modifications. Briefly, exponentially growing BALB/c 3T3 cells were plated at a density of 2000 cells/well of a 6 well plate in 2 ml of DMEM/F12 medium (Biochrom, #F0815) supplemented with 10% FBS (Biochrom, #S0115), 10,000 units/ml penicillin, 10,000 lg/ml streptomycin (Biochrom, #A2213) and 200 mM L glutamine (Biochrom, #K0283). Following 24 h maintenance in cell culture medium, BALB/c 3T3 cells were exposed to treatment cul ture medium, i.e. cell culture medium containing extracts diluted in DMSO or particles, for 7 days. Subsequently (i.e. on day eight of the assay) exposure medium was replaced by medium contain ing 0.3 mg 12 O tetradecanoylphorbol 13 acetate (TPA)/ml and the culture maintained up to day 22 in TPA containing medium. Thereafter TPA containing cell culture medium was replaced and the BALB/c 3T3 cells cultured for another 3 weeks in normal cell culture medium. At the end of week 6 BALB/c 3T3 cells were fixed in methanol and stained with Giemsa solution. The cell culture media (normal, treatment or TPA) were renewed every 3 4 days.
BALB/c 3T3 cells treated with 3 methylcholanthrene (0.1% DMSO (v/v)) for 7 days [23] served as positive control. Type III foci comprised of strongly basophilic cells, show massive piling up, invading the surrounding cell monolayer. Such foci have also been reported to form sarcomas upon subcutaneous injection in irradi ated C3H mice. These type III foci were identified and scored in the current study according to [24] . Type III foci of less than 3 mm in diameter were not scored.
Extract samples were tested in three independent replicates (n = 3). However, due to sample limitations only two independent replicates for each PM sample could be analyzed (n = 2). For the di rect comparison of the extracts, Type III foci numbers were normal ized based on the different B[a]P contents of the PM extracts. Subsequently, samples were normalized by setting Extract#01 = 1.
Statistical analysis
PAH CALUX
Ò assay results are expressed as the mean with stan dard error of means for at least three replicates unless otherwise stated. Data were analyzed using one way ANOVA followed by Bonferroni or Dunnetts post test as indicated (GraphPad Prism Ò version 5.04.). In the BALB/c 3T3 cell transformation assay results are given as mean with standard deviations and a one way ANOVA with Dunnett's Multiple Comparison Test was used for statistical testing of extract results.
Results
To better distinguish and classify the different samples and the degree of combustion quality, in this manuscript, the PM stemming 
Particle characterization
All PM samples, of which PM#01, PM#02 and PM#05 were al ready described by this laboratory [19] , were characterized for their zeta potential (data not shown), particle size (Zetasizer and Mastersizer; Table S4 , Supplementary data), particle morphology and homogeneity (Fig. S2, Supplementary data) and size distribu tion (Figs. S3 and S4, Supplementary data) . Complete combustion appeared to produce slightly larger and more homogeneous parti cles than in incomplete combustion as judged by SEM (Fig. S2 ) and Mastersizer determinations (Fig. S4) . The SEM images revealed a very inhomogeneous particle morphology and size distribution (Fig. S2) . The suspensions (0.1 or 1 mg/ml) in standard cell culture medium were tested for aggregation via the zeta potential (a sus pension with a zeta potential between À30 and +30 mV is regarded as instable suspension 1 . The values for PM#01 PM#10 (data not shown) as well as the test particles laid between À7 and À13 mV, thus suggesting an instable suspension, favoring aggregation. How ever, the zeta potential is strongly influenced by the pH of the med ium employed for generating the suspensions [25] , thus possibly explaining the similar zeta potential for all PM suspensions, irrespec tive of the PM types. Table S4 and Fig. S3 show the number weighted mean particle size as well as the particle size distribution measured in the Zetasizer. All particles were in a similar size range with mean particle sizes between 100 and 200 nm, whereas PM#10 had the smallest mean particle size with 57 nm and activated charcoal the biggest with 479 nm. Similar to these trends were the findings in the Mastersizer (Fig. S4) . The median diameters (d(0.5)) in Table S4 corresponded approximately to the peaks of the samples shown Fig. S4 . It is noticeable, that the measurements of all samples from complete combustion (PM#05, PM#08, PM#10) revealed med ian diameters (d(0.5)) that were higher than the mean values from the Zetasizer. As the Mastersizer is more suitable for detecting coar ser particles with mean diameters up to 2000 lm, it appears that the complete combustion samples consist of very fine, but also of a coar ser fraction compared to most of the samples from incomplete com bustion. Activated charcoal also contained coarser particles with d(0.5) of 1307 nm.
Elementary (EC), organic carbon (OC), salt (Ion) and metal analysis in PM samples
As presumed, samples from complete combustion (PM#05, PM#08 and PM#10) had the lowest total carbon (TC) values of all samples measured, whereas samples from incomplete combus tion all had higher TC values (Fig. 1) . All samples, with the excep tion of PM#03 and PM#04, had moderate to high total salt contents (P300 mg/kg, Table 2S ). An extremely high salt content was observed for PM#01, suggesting that these highly variable salt contents may depend on wood type or handling conditions (con tamination) during wood harvesting [26] . The metals analyzed showed some variation amongst PM samples (Table S3 ). Potassium (K) was found in relatively high and highly variable concentrations in all PM. A remarkably high amount of iron (Fe) was found in PM#02.
PAH analysis
Contrary to expectations, complete combustion did not gener ally lead to lower PAH values (see PM#08 and PM#10, Table 2 ) de spite that the same energy source (wood pellets) and furnace (pellet boiler) was used (Table 1 ). In general, the differences in PAH amount between the samples obtained in a pellet boiler (PM#05, PM#08 PM#10) were negligible. Of all samples PM#02 had the highest PAH amount.
B[a]P concentration response in PAH CALUX
Ò with/without the AhR antagonist (alpha naphthoflavone, ANF)
To characterize the AhR response in the PAH CALUX Ò cells em ployed with regard to B[a]P responsiveness, concentration re sponse curves were established with B[a]P (Fig. S1A , Supplementary data). In addition, a concentration response curve was established for selected B[a]P with and without ANF pretreat ment using DMSO and three different concentrations of the AhR antagonist ANF (Fig. 2) . Addition of DMSO had no effect at the three lowest B 
Concentration response of PM and PM organic extracts in the PAH CALUX
Ò
The PAH CALUX Ò luciferase concentration response curves generated with PM samples #01 #10 and the organic extracts thereof were comparable to the response curve generated with pure B[a]P, i.e. having a full or partially sigmoid shape (Fig. 3) . Con trary to initial expectations, PM samples from CC (PM #05, #08 and #10) generally provided for a stronger concentration response than PM samples from IC. Only PM#01 and #02, from IC, contain ing the highest PAH concentrations (Table 2) , induced a stronger luciferase response (left parallel shift of the concentration re sponse curve) than PM#05 ( Fig. 3A and B) . However, it must be noted that the >18 fold concentration of PAH in PM#02 than pres ent in PM#05 (Table 2) is not reflected accordingly in the luciferase response, thus suggesting varying bioavailability of the PAHs pres ent in the PM samples. This interpretation is corroborated by the fact that the organic extracts of the PM samples demonstrate a completely different luciferase response than the original PM sam ples ( Fig. 3 C and D) . Indeed, while extracts of PM#01 and PM#02 still provide for the strongest luciferase response, the differences as observed in the original PM samples is no longer apparent, i.e. the extract of PM#01 providing for a stronger response than PM#02. Generally all PM organic extracts provided for a left shift of the concentration response curve observed in the original samples (Fig. 3) , however as indicated earlier in some cases, e.g. PM#03 and PM#04 the left shift response of the organic extract appeared to be much greater than for other PM samples thereby supporting the hypothesis that the organic extraction made PAH biologically available that could have been more strongly adherent in the origi nal PM samples. The data however do indicate that PAH from com plete combustions could be more readily biologically available and that organic extracts of PM samples could provide for a false inter pretation of bioavailability in in vitro systems. (Fig. S1B ). In addition, PM particle samples #06 #10 were extracted with organic solvent to obtain PAH free particles, so called leached particles (LPM#06 LPM#10) with similar particle characteristics as those of the origi nal untreated PM particle samples. When tested in PAH CALUX Ò , no significant increase in luciferase activity was detected for LPM#06 LPM#10 (data not shown). However, when spiked with PAH#01, the response in the PAH CALUX Ò revealed a concentra tion dependent increase in luciferase activity (Fig. 4A) , which was significantly higher (as confirmed by one way ANOVA with Bonferroni post test) for LPM#08 (CC) and LPM#10 (CC) than for PM from IC (LPM#06, LPM#07, and LPM#09). This thus confirmed that differences in the particle characteristics were solely responsi ble for the availability of an identical amount and mix of PAH and that CC provides for a greater bioavailability of PAH than IC. To fur ther confirm these findings two PM samples with comparable total PAH contamination ( (Fig. 4B) , thus corroborat ing further the finding that PAH might be more readily bioavailable from PM stemming from CC processes. Moreover, a similar spiking experiment carried out with PAH#01 in activated charcoal and car bon black further supported this interpretation (data not shown).
Differential bioavailability of PAHs in spiked samples
Bench top small scale combustion experiments with test particles (activated charcoal) and PM samples
Bench top combustion experiments were performed in order to study whether temperature during combustion affects PAH bio availability. Activated charcoal (AC), PM#02 (IC) and PM#10 (CC) as well as three temperatures (400, 600 and 800°C) and a combus tion time of 20 min were used for experimentation (Table 3) . At 400°C the AC sample did not show any significant morphological change, whereas at 600 and 800°C the sample amount was clearly reduced and the remaining samples were of light grey color. The incinerated AC and AC samples spiked with PAH#01 or PAH#01 + 40% H 2 O showed no increased luciferase activity in the PAH CALUX Ò Assay (data not shown), thus indicating that either the PAH were destroyed during combustion, or that the PAH are not biologically available due to particle adherence. However, incin erated AC spiked with PAH#01 following incineration at 600 and 800°C, demonstrated an increased luciferase response in the PAH CALUX Ò (Fig. 4C ). This thus suggests that combustion at 400°C re sulted in a minimal modification of the particle surface area and in strong PAH adherence, while the higher temperatures resulted in a combustion of AC to particles with less PAH adherence capabil ities. In order to understand whether additional combustion of PM#02 and PM#10 would change PAH bioavailability, these PM samples were incinerated at 400, 600 and 800°C and subsequently tested in the CALUX Ò assay. Upon incineration PM#02 changed slightly in color from black to brown. PM#10 dramatically changed its color from light grey to black at 600 and 800°C.
BALB/c 3T3 cell transformation assay
The BALB/c 3T3 cell transformation assay was employed to investigate the tumor initiating capacity of PM extracts and original PM. For extract testing all samples were diluted on the ba sis of their B[a]P concentration and adjusted in a range between 1E 10 and 1E 15 M. All extract samples showed a significant in crease in foci (P3 mm) number per well compared to DMSO con trol, but not for all dilutions (Fig. 5A E) . Some dilutions of the samples were in the same range or even higher (Extract#02, Ex tract#03) than the positive control (MCA/TPA). Of all samples tested, only Extract#02 and Extract#04 showed a concentration dependent decrease in foci number with lower concentrations. The controls (MCA/ , /TPA, DMSO/TPA) were all in the same range. Upon normalization of the extract results (Fig. 5F ) on the basis of their original B[a]P amount, a similar picture as in the CALUX Ò as say was obtained, which also fitted well with the total PAH pattern of chemical PAH analysis. The results for the tested PM samples were not as clear as for the extracts (Fig. 6 ). There was a higher var iability between the samples as well as between the different con centrations applied. All samples, except PM#05, showed foci formation above that of the DMSO control, but the most consider able foci formation was detected for PM#02 where all concentra tions were on the same level as MCA, the positive control for initiation. Contrary to expectations, of all samples tested, PM#04 induced the highest number of foci formation as PM as well as ex tract. This could suggest that the concentration and type of individ ual PAH present in the particle mixture as well as in the ensuing extract governs the strength of foci initiation.
Discussion
The main difficulty of assessing potential hazards and thus risk of PM in humans is the fact that PM is extremely heterogeneous. Consequently, a thorough physico chemical characterization of the PM studies is key to understanding the potential bioavailability of PM and its constituents in any biological testing system. PM from wood combustion may form larger aggregates, primarily depending on the type and quality of the biomass at the outset as well as on the conditions of the combustion process itself [29, 30] . Aggregation studies in cell culture media appear a good descriptor of the likely behavior in the lungs, whereas similar stud ies in water as solution medium are not [19] . The corresponding physico chemical characterization of the wood combustion PM employed in this study, demonstrated no explicit differences concerning particle size distribution and particle aggregation be tween CC and IC, whereas contrary to expectation, CC PM tended to provide for larger aggregates in the Mastersizer measurements (Table S4 , Fig. S4 ). In general, an optimized combustion (CC) is known to produce less emissions and smaller particles than IC [31, 32] . It is possible that the type of particle collection via an elec trostatic precipitator, as performed in this study, strongly influ enced the particle size as well as potential contaminations of the collected samples. For instance, smaller particles could influence larger particles, resulting in reduced precipitator efficiency for cer tain sizes [33] . The occurrence of metals is strongly dependent on the type of fuel used, as exemplified by PM#02 containing a high amount of iron. This PM was the only sample obtained from private household. It is likely that this high Fe concentration resulted from the use of waste wood. Indeed, comparison of different fuels re vealed that waste wood is often contaminated with heavy metals [34] . PM#02 also contained the highest amount of total PAH. As PAH analyses would suggest that PM from IC could have higher concentrations of PAH than the corresponding PM from CC, one would also assume that PM from IC provides for a greater health risk to humans [30] . Indeed, support for this interpretation is pro vided by a study that compared the adverse effects of smouldering combustion and normal combustion, demonstrating a higher inflammatory and cytotoxic potential for PM from smouldering combustion [35] . The study however also addresses a completely different exposure and health effects scenario. While smouldering combustion PM exposure primarily affects the persons located in close proximity to the combustion source and mostly in closed pre mises, PM from ''normal'' combustion sources, whether CC or IC, expose persons at a greater distance. Moreover, cytotoxicity and acute inflammation would give rise to acute or subacute lung dam age not primarily resulting from exposure to high PAH concentra tions but rather from a macrophage and particle loading related generation of ROS. In contrast, the concern with PAH loading of PM from CC and IC primarily lies within the potential for chronic lung tissue damage and tumorigenicity. As stated initially, it was expected that the samples from IC would induce higher responses in the PAH CALUX Ò assay. Indeed, testing of PM organic extracts resulted in a completely different reaction pattern than achieved with the original PM particles (Fig. 3) , suggesting that organic extracts from PM had a greater receptor interaction activity in the PAH CALUX Ò and thus likely overestimated the potential toxicity. A similar observation was made in the BALB/c 3T3 cell transformation assay, where e.g. the extracts of PM#02 provided for a greater number of foci than PM#04 (Fig. 5) , while the corresponding analysis with the original particles of PM#02 and PM#04 did not demonstrate any difference between these samples (Fig. 6 ). This is of essence, as some risk evaluations of PM from wood combustions employed organic ex tracts from PM only, thereby ignoring the bioavailability of the PAH contaminants adhering to PM [36 38] . Indeed, bioavailability appears to be one of the primary factors governing potential ad verse effects of PM, as demonstrated in Fig. 3 where PM#05 (from a CC with a comparable PAH profile and concentration as PM#03 to be a good parameter for predicting activity in cell systems. An other important fact, which has to be considered, is that a direct comparison of all samples is only possible to a certain extent, as different fuel sources were applied, which is attributed to the use of two types of furnaces (pellet boiler and furnace for split logs). In deed, future experiments should more intensely focus on using comparable combustion setups and the variation of only one parameter, e.g. fuel source, as was in part achieved with PM#08 PM#10 (same pellet boiler and fuel source, but variation of operat ing conditions in order to obtain two different PM qualities). Despite the aforementioned discussion points it must be also emphasized however, that there is the possibility of binding of li gands other than PAHs with affinity to the Ah receptor, which were not assessed in this study, as the focus was laid entirely on PAHs. As reviewed by Denison and Nagy, the Ah receptor appears a tran scription factor with a low restrictive binding site, thus allowing for binding of a diverse range of ligands [40] . Beside 2,3,7,8 tetra chlorodibenzo p dioxin (TCDD), which is the most potent activator of the AhR, PAHs display a high affinity to this receptor and are well characterized ligands [41] . However, many other naturally occurring exogenous as well as endogenous compounds could be identified or are in discussion to act as AhR ligands, although usu ally with much weaker activation potential [40] .
As PM#05, PM#08 and PM#10 had a similarly low EC content (Fig. 1 ) the question must be raised whether the low EC provides for lower PAH adherence. These findings were corroborated with results obtained in the PAH spiked activated charcoal experiments (Fig. 4C) . If this were true than the presence of EC in PM would be beneficial with regard to PAH adsorption and thus lower bioavail ability rather than adverse in the context of human risk assess ment. Indeed, as the lung cancers observed in rats were considered a result of the lung overload with insoluble carbon par ticles (EC), EC were considered a misleading factor. Yet in consider ation of the findings regarding the PAH bioavailability in the PAH CALUX Ò and the BALB/c 3T3 cell transformation assay, lack of EC in PM could prove to be more problematic than originally antici pated [8] . However, the PAH CALUX Ò and the BALB/c 3T3 cell transformation assays are mere in vitro assays with their serious limitations as to their predictive capability of human cancer risk. Thus the data generated with these in vitro systems primarily raise the question whether the current quest for technically optimized wood furnaces with CC result in the wanted enhanced health safety in humans. It must also be emphasized that the in vitro sys tems used were not employed to provide for information as to other potential biological endpoints, e.g. biomarkers of asthma or COPD. Asthma, COPD and acute lower respiratory tract infections are associated with chronic exposure to biomass smoke, i.e. BSP [7, 42, 43] . Whether these diseases are a result of PM contaminants e.g. PAH or particle associated exhaustion of the macrophage re sponse is difficult to determine at this point of time. However, the Ah receptor is key to upstream signal transduction events that govern pathways involved in the immunological response, e.g. as observed with the Ah receptor substrate dioxin, cytokine regula tion as well as the reaction of the endothelium [44, 45] . Current knowledge suggests that this is one of the first studies employing the Balb/c 3T3 cell transformation assay to assess the carcinogenic ity of wood combustion particles. This assay as well as other trans formation assays have already been successfully used for cigarette smoke and ambient air PM testing [38, 46] . Hence, the PAH CALUX Ò system and the BALB/c 3T3 cell transformation assay may provide for a first assessment of the potential hazard of the biomass com bustion PM and thus a short term tool in combination with other screening tools for continuous observation of technical develop ments. This appears crucial, especially in view of the continuously increasing demand on renewable energy and the concurrent trend for installing biomass burners for household heating.
In conclusion, in the present study two qualities (IC and CC) of PM samples were analyzed, thereby focusing on the bioavailability and the carcinogenic potential of PAHs, which are typical by prod ucts of wood combustion. With the reporter gene assay it could be demonstrated that PAHs of all PM samples were bioavailable and also had the capacity to induce transformation foci in the BALB/c 3T3 cell transformation assay. However, despite that samples from IC tended to a higher PAH contamination, their biological activity in the two assays employed was lower than that of PM samples from CC with a concomitant lower PAH contamination. These find ings were found to be strongly associated with the EC amount present in the PM samples, thus higher EC favoring less bioavail ability of PAHs in PM. Consequently, a risk assessment based exclu sively on chemical analysis is insufficient, especially for complex, inhomogeneous samples, such as PM and more importantly, CC of wood biomass does not automatically imply higher quality and improved health safety.
